Abstract. Thermal waters at Ciarinem and Cilayu, Pameungpeuk, West Java, Indonesia have different characteristics: Ciarinem water is a steam heated sulfate type and occurs as hot springs, whereas Cilayu water discharges as hot pools and is a chloride water type. Their chemical compositions indicate that the thermal waters are outflows of a volcanic-magmatic associated geothermal system. The solute geothermometers calculate that the subsurface reservoir temperatures range from 150 o to 200ºC.
Introduction
Ciarinem thermal waters are located near Ciarinem River, Gunung Angsana, and Cilayu thermal waters are close to Cilayu River, Gunung Kendang. The coordinates of these surface expressions are given in Table 1 . The thermal waters of Ciarinem and Cilayu are about 70 km S-SE of Bandung or 55 km SW of Garut; the closest town is Pameungpeuk in the south coast of West Java, Indonesia ( Figure 1 ). The surface manifestations of Ciarinem and Cilayu are a part of 6,101 MWe geothermal potential of West Java [1] and have been mapped by [2] . However, prior to this research, the characteristics of the thermal waters were not known. This paper describes the characteristics of Ciarinem and Cilayu thermal waters, including their appearances and origins in a geothermal system based on their chemistry of fluids.
Ciarinem Thermal Water

Setting
The surface manifestation at Ciarinem lies in the physiographic zone of southern mountain, i.e. at the Pengalengan section [3] . It is located at the NW flank of Gunung Angsana and south of Ciarinem River, surrounded by several extinct volcanoes. The lithology of the area is dominated by undifferentiated Pliocene and Plio-Pleistocene volcanic rocks that consist of tuff, tuff breccia, andesite breccia, breccia and andesite lavas, associated with pyroxene and hornblende andesite [2] . The geological structure includes a NE-SW strike slip fault cutting from the Papandayan volcano to the south coast and an E-W normal fault [2] . These faults were likely generated by the compression from the south to north during the late Oligocene and early Miocene.
The geothermal surface expression of Ciarinem comprises three hot springs, which occur at Sukamulya Village, near Gunung Angsana, Pameungpeuk. The hot springs are called Pakenjeng (PKJ) 1, 2 and 3; PKJ 1 and 2 have been utilized directly as public hot pools. The PKJ 1 hot spring discharges at a contact between tuff breccia and lava of the undifferentiated old volcanic rocks. It has a flow of about 20 l/min. The water is clear and has a temperature of 59.6ºC and a pH between 7.8 and 8.0. There is no surface rock alteration, but there are thin, yellowish green layers of organic materials or of algal origin covering some rocks near the spring. The PKJ 2 hot spring discharges about 10 m away from PKJ 1. Similarly, the water is clear and odorless, but it has a lower temperature than PKJ 1, i.e. 40.9ºC. It has a pH of 7.4 and discharges at 20 l/min. PKJ 3 is located about 5 m from PKJ 1. The temperature and flow of PKJ 3 water are lower than PKJ 1; the water is 40.9ºC and flows at 2 l/min. The PKJ 3 hot spring discharges at andesite breccia. There is no rock alteration at the surface. The springs of PKJ 1 and PKJ 2 were sampled and analyzed.
Spring Composition
The chemical compositions of PKJ 1 and PKJ 2 waters are given in 
Figure 2
Relative concentrations of Cl, SO 4 and HCO 3 of Ciarinem and Cilayu hot spring waters; letter symbols correspond to the springs listed in Table 1 . Figure 3 shows the relative concentrations of the conservative aqueous components Cl, Li and B of PKJ 1 and PKJ 2 thermal waters. The ratio of B/Cl ranges from 0.01 to 0.02, the ratio of Li/Cl is about 0.0005 and the ratio of Li/B is about 0.01. The concentration of Cl of PKJ 2 water is higher than that of PKJ 1. This may cause PKJ 2 thermal water to be more equilibrated with surrounding rocks compared to the PKJ 1 water. Figure 4 shows that the thermal water of PKJ 2 is in partial equilibration, whereas the PKJ 1 water is immature water. However, it seems that the compositions of PKJ 1 and PKJ 2 thermal waters are affected by a mixture of waters that are relatively rich in Mg and that are of likely shallow origin. Figure 4 also indicates that PKJ 1 and PKJ 2 waters are in equilibration temperatures in the range of 110 to 150ºC. Aqueous silica contents are evaluated in Figure 5 in relation to K/Mg ratio. Figure 5 is similar to Figure 4 in that it allows simultaneous evaluation of two independent geothermometers. However, in contrast to the K-Na geothermometer, both the quartz and the KMg geothermometer tend to respond more quickly to sharp cooling gradients and subsequent re-equilibration [4] . The Ciarinem data indicate equilibrium temperatures of about 100°C only. 
Geothermometer
3
Cilayu Thermal Water
Setting
Similar to the Ciarinem site, the Cilayu surface manifestation lies in the Pengalengan section of the physiographic zone of southern mountain [3] . It is located at the alluvial plain of the Cilayu River surrounded by several extinct volcanoes. The lithology of the area includes the Bentang and Kolederes Formations of Late Miocene to Plio-Pleistocene, Pleistocene tuffaceous breccia, and undifferentiated Plio-Pleistocene volcanic rocks [2, 7] . The geological structure is dominated by anticline and a NE-SW strike slip fault, as a result of the compression from south to north during the late Oligocene and early Miocene [2] . [7] also mentioned the occurrence of NW-SE faults.
The surface manifestation at Cilayu comprises three hot pools, which occur in the alluvial plain of the Cilayu River. The springs are not currently utilized, but flow freely to the river. Only one of the hot pools is described below, namely the Cilayu (CLY) hot spring; it is the hottest of the three, with a temperature of 53.5ºC. The water in the hot pool has a sulfuric smell, gas bubbles, and a field measurement pH of 6.8. In some places, the water surface is covered by a yellow to green colloid consisting of silica and algae. There is no surface alteration around the pools, but the weathering is intense.
Spring Composition
The chemical composition of CLY thermal water is given in Table 1 . The relative concentrations of Cl, SO 4 and HCO 3 indicate that the water is a chloride (Cl) type, as shown in Figure 2 . The occurrence of chloride water is very common in geothermal systems and it always relates to deep reservoir fluids. The chloride water of CLY hot spring contains 156.8 mg/l SiO 2 . However, the fluid is under saturated with amorphous silica, hence there is no amorphous silica sinter around the mouth of the spring. The occurrence of colloid silica in association with organic matter or algae on the surface of the hot pool indicates a slow cooling of CLY thermal water by evaporation. The thermal water of CLY also contains 15 mg/l dissolved CO 2 as CO 3 2-.
The field measurement shows that CLY water has a neutral pH (pH=6.8).
However, the pH is higher and slightly basic (pH=8.4) at room temperature (25°C). The changes in pH with respect to the changes in fluid temperatures may be due to shallow neutralization by dissolved CO 2 (as CO 3 2-) in the reservoir fluids containing high chloride [8] . Another explanation is that the occurrence of H 2 S can affect the change in the pH of fluids; in the field, H 2 S will oxidize with the atmosphere on the surface of the hot pool, forming H 2 SO 4 (to more than 400 mg/l SO 4 ). Figure 4 show that the thermal water of CLY equilibrates partially with surrounding rocks.
Geothermometer
As shown in Figure 4 , 
Discussion
The geothermal surface manifestations of Cilayu, Gunung Kendang and Ciarinem, Gunung Angsana are located in NW Pameungpeuk, West Java, within an 18-km distance. However, the thermal waters have different characteristics. The surface manifestation at Cilayu, Gunung Kendang comprises hot pools located in an alluvial plain, whereas that at Ciarinem, Gunung Angsana consists of hot springs occurring at the lithologic contact of lava and breccia at the flank of Gunung Angsana, south of Ciarinem River.
The relative concentrations of Cl, SO 4 and HCO 3 can be used to understand surface and near surface conditions of geothermal systems. Figure 2 shows that the thermal waters of Cilayu are a chloride type and are of deep reservoir origin. Also note that in Cilayu there has been some mixing of the SO 4 water through oxidation of dissolved H 2 S. It is the dissolved H 2 S that causes the sulfuric smell in the Cilayu hot pool. Boron content is relatively high (Figure 3 ) due to the interaction between thermal waters and sedimentary rocks, i.e. from the Bentang or Kolederes Formations, or from alluvial deposits, which are predominant in the Cilayu area.
The thermal water of Cilayu has equilibrated with the surrounding rocks. Even though it is located in an alluvial plain, there is no mixing with Mg rich groundwater or surface water, as indicated by the relative concentrations of Na, K and Mg (Figure 4 ). In contrast, the thermal water of Ciarinem contains relatively high Mg, indicating a mixing with groundwater, possibly steam heated waters. This causes the thermal waters of Ciarinem to be immature SO 4 water.
If the relative concentrations of Cl, SO 4 and HCO 3 can be used to interpret near surface conditions and processes affecting thermal fluids above a 1-km depth, the relative concentrations of Cl, Li and B can indicate subsurface conditions of up to 5 km and can permit the assessment of deep thermal inputs [4] . Figure 3 shows that the results from Cilayu and Ciarinem are clustered, suggesting that these waters derive from a similar deep source. The concentration of chloride, which is relatively higher than B and Li, indicates that the waters are from volcanic-magmatic processes. The processes involve dissolution of HCl and H 2 S gasses (e.g. [4] ). Chloride forms as HCl at high temperatures and changes to Cl ion at low temperatures. At near surface, H 2 S will oxidize to H 2 SO 4 . Even though the thermal waters of Ciarinem are SO 4 waters, the pH is neutral (between 7 and 8). It can be concluded that a conversion of acid fluids resulting from the oxidation of volcanic-magmatic fluids to neutral pH fluids has been ongoing for a very long time (e.g. [8] ). It is also likely to be influenced by interaction with the surrounding rocks. Volatile components, such as CO 2 and other volcanic gases, enter the steam phase and discharge as fumaroles and steaming grounds. The steam can also condense into groundwater and surface water to form steam heated SO 4 and HCO 3 waters. These waters flow and discharge as outflows in areas with lower elevation than the upflows of fumaroles and steaming ground. In the Papandayan geothermal system, this produces the hot springs in Ciarinem, Gunung Angsana. The neutral pH of SO 4 waters at Ciarinem indicate that the outflows are far from the reservoir or upflows, hence the interaction between thermal water and surrounding rock has neutralized the thermal water. The boiling chloride waters can then flow laterally below the groundwater level and discharge as outflows in Cilayu, Gunung Angsana, or mix with SO 4 and HCO 3 waters. The Cilayu thermal waters cool very slowly, hence the water is under saturated with respect to amorphous silica. As a result, there is no silica sinter deposit around the hot pool. However, colloidal silica, in association with organic matter and algae, occurs on the surface of the hot pools due to evaporation of the thermal waters.
Geothermometers of K-Na and quartz with respect to maximum steam loss show that the reservoir of Ciarinem and Cilayu thermal waters has temperatures between 150ºC and 200ºC. The prediction of natural heat loss of the surface manifestation at Ciarinem is 60 to 70 kW and that in Cilayu is about 1.6 kW.
Even though the surface manifestations at Ciarinem and Cilayu relate to the geothermal system of Papandayan, there are at least two other possibilities. First, both surface expressions are outflows from the Patuha geothermal system. Or second, the two surface expressions are from different geothermal systems: the manifestation at Ciarinem relates to Papandayan and the other manifestation is an outflow from Patuha geothermal system. A tracer study using stable isotopes of δ 18 O and δD is recommended to further understand the origin of the Ciarinem and Cilayu thermal fluids.
Conclusions
The geothermal surface manifestations at Ciarinem, Gunung Angsana and Cilayu, Gunung Kendang, West Java are outflows of the Papandayan and/or Patuha Geothermal Systems. Even if Ciarinem and Cilayu thermal waters are from one system, the two waters have different characteristics: the thermal waters are of different types and chemical compositions, indicating that reservoir temperatures are slightly different.
The thermal water of Ciarinem is a sulfate (SO 4 ) type having an almost neutral pH, whereas the thermal water of Cilayu is a chloride type having a neutral to slightly basis pH. The sulfate thermal water is classified as immature water due to steam heating or mixing with groundwater. In contrast, the chloride thermal water of Cilayu is partially equilibrated water. Solute geothermometers indicate that the subsurface condition of Ciarinem is dominated by thermal fluids having temperatures of 110º-150ºC. Reservoir fluids of Cilayu are hotter, i.e. between 180 o and 200ºC. Given that the thermal water of Ciarinem is not chloride water and cannot be used as solute geothermometer, the temperatures of the reservoir are likely ranging from 150º to 200ºC.
The different characteristics and chemical compositions of the thermal springs at Ciarinem and Cilayu are likely due to the evolution of neutral pH and chloride rich reservoir fluids and volcanic gases from subsurface to surface condition. However, further study with for instance stable isotopes is required to confirm the reservoir condition and the hydrogeologic model relating to the geothermal surface expressions at Ciarinem and Cilayu, Gunung Angsana, Kendang, West Java, Indonesia.
